Single-wall carbon nanotube (SWNT) nanofibrils were assembled onto conductive atomic force microscopy (AFM) probes with the help of dielectrophoresis (DEP). This process involved the application of a 10 V, 2 MHz, AC bias between a metal-coated AFM probe and a dilute suspension of SWNTs. This exerted a positive dielectrophoretic force onto the nanotubes that caused them to align while precipitating out onto the probe. The gradual removal of the AFM probe away from the SWNT suspension consolidated these nanotubes into nanofibrils with a high degree of alignment as demonstrated with polarization Raman experiments. By varying the pulling speed, immersion time, and concentration of the SWNT suspension, one can tailor the diameter and thus the stiffness of these probes. Precise length trimming of these nanofibrils was also performed by their gradual immersion and dissolution into a liquid that strongly interacted with nanotubes, (i.e., sodium dodecyl sulfate (SDS) solution). Vacuum annealing these nanoprobes at temperature up to 450°C further increased their stiffness and rendered them insoluble to SDS and all other aqueous media. Regrowth of a new SWNT nanofibril from the side or at the end of a previously grown SWNT nanofibril was also demonstrated by a repeated dielectrophoretic assembly at the desired immersion depth. These SWNT nanofibril-equipped AFM probes are electrically conductive and mechanically robust for use as high-aspect-ratio electrochemical nanoprobes.
Introduction
Atomic force microscopy (AFM) is a powerful analytical method capable of simultaneous surface characterization of various topological, chemical, mechanical and electrical properties.
1-3 The ability to function in a variety of different environments (i.e., vacuum, ambient, fluid, etc.) further increases its versatility. The spatial resolution and depth profiling of AFM imaging are typically controlled by tip radius sharpness and aspect ratio. 4, 5 Normal AFM probes are usually made from Si or Si 3 N 4 and have pyramidal shapes with cone angles of 20-30°. 6 In spite of continuous efforts to increase aspect ratio and reduce tip radius, tip-to-tip variation 6 and materials wear 7 make it difficult to further improve cone-shaped AFM probes. The high aspect ratio, small diameter, high stiffness and buckle flexing capabilities of carbon nanotubes (CNTs) render them ideal for the development of next generation AFM probes. 8, 4, 7, 9 These probes can find a number of unique applications in localized electrochemistry 10, 11 within cellular environments, 6 where membrane piercing is necessary. 12 A number of methods have been investigated to either attach or directly grow CNTs on the apex of AFM probes. Dai et al. 13 reported the initial fabrication of a multiwall CNT (MWNT) probe by sticking a small MWNT bundle onto a cone-shaped tip, coated with adhesive. Alternatively, pregrown MWNTs were electrostatically (DC field) oriented and attached onto AFM probes.
14-16 Using a pick-up approach, * To whom correspondence should be addressed. E-mail: hmarcus@ mail.ims.uconn.edu (H.L.M.), papadim@mail.ims.uconn.edu (F.P. Lieber et al. 17 successfully reduced tip radius by realizing a single-wall CNT (SWNT) on an AFM tip. In parallel, chemical vapor deposition (CVD) based growth methods have been developed to improve reproducibility and scale up production. 5, 18 Latest studies, however, have shown relatively large length variation for CVD-grown nanotube probes. 19 The polarizable nature of CNTs has recently enabled their dielectrophoretic (DEP) assembly toward the high field region of the conductive apex, producing CNT nanofibrils with tunable length and diameter. [20] [21] [22] Unlike individual nanotubes, nanofibrils containing multiple nanotubes provide a better control over probe stiffness at high aspect ratios. In addition, parallel fabrication has also been demonstrated by the simultaneous pulling from multiple scanning tunneling microscopy (STM) tips.
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Despite the already achieved advances in dielectrophoretic assembly, a number of limitations remain with respect to fine-tuning fibril length, diameter, stiffness as well as improving base adhesion at the AFM apex. In this paper, we provide a comprehensive investigation on growth conditions, annealing temperature and nanotube orientation that ultimately control the above-mentioned fibril properties. We also introduce a novel, surfactant-assisted, dissolution process to further optimize control of the length and stiffness of these SWNT fibrils. In addition, radial and longitudinal heterostructures have been realized by sequential DEP assembly on the side walls and ends of previously grown and annealed nanofibrils, respectively.
Experimental Section
Nitric acid (98%) and sulfuric acid (96.4%) were obtained from Aldrich and used as is. ACS reagent dimethylformamide (DMF) was purchased from J.T.Baker. Millipore quality deionized water with resistivity larger than 18 MΩ was used for all experiments. Sodium dodecyl sulfate (SDS, g98.5%) was purchased from SigmaAldrich and dissolved into deionized water to produce 1 wt % solution. Laser ablated SWNTs were purchased from Tubes@Rice. Following the previously established protocol, 24-27 pristine SWNTs were treated in 3:1 mixture of H 2 SO 4 and HNO 3 with sonication for 4 h at 70°C, filtered, washed with copious deionized water until the pH of filtrated water reached neutral and dried overnight in vacuum. These purified shortened-SWNTs (s-SWNTs) were dispersed in deionized water or DMF with sonication and further diluted to make nanotube solutions with different concentrations (0.001-0.01 mg/mL) at which the solution became colorless.
Commercial AFM probes (Olympus AC240 series) purchased from Asylum Research were used for carbon nanotube pulling. AC240TS are standard cantilevers for AC mode (tapping mode) imaging, with Al coated on the reflex side. AC240TM are electrilevers which have an additional Pt coating on the tip side besides the Al coating on the reflex side. Both tips are made from Si materials and have a tetrahedral tip shape with typical height of 14 µm. The spring constant is ca. 2 N/m, and resonant frequency is ca. 70 kHz. Representative images of these AFM probes from different viewing angle are provided in Figure S1 of the Supporting Information.
The experimental setup for fabricating SWNT nanofibrilequipped AFM probes is schematically illustrated in Scheme 1, while pictures of the actual apparatus are shown in Figure S2 of the Supporting Information. An AFM probe was taken as the working electrode and placed on a conductive platform with its surface tilted between 0°and 35°with respect to the horizontal plane of the platform. A small hollow metal tube (outer diameter 600 µm, inner diameter 150 µm) was used as the counter electrode. A drop of SWNT dispersion was placed into the metal tube to form a droplet at the end of the tube, while AC voltage (2 MHz, 10V) was applied between the two electrodes. In order to slow down the evaporation of SWNT solution, both AFM probes and metal tube were enclosed in a sealed environmental-cell (E-cell) equipped with a thin transparent glass slide on top, from where an optical microscope provides real-time monitoring. To obtain better imaging contrast of the AFM tips and the meniscus of the liquid drop, bottom illumination was adopted. The optical microscope was equipped with a charge-coupled device (CCD) camera connected to a computer station for monitoring and recording. The metal tube containing the nanotube solution was connected to a XYZ 3D moving stage. The Y and Z axes were manually controlled to provide alignment of the AFM tips with the summit of solution droplet at the end of the metal tube. The X axis was motorized for carbon nanotube drawing with the capability to deliver minimum incremental displacement of 50 nm.
The morphology of the SWNT nanofibrils along with their dimensions (length and diameter) was obtained from high resolution scanning electron microscopy (SEM) (JEOL 6335F field emission SEM (FESEM) equipped with a cold field emission source). The torr, while the accelerating voltage varied from 5-10 keV and the working distance was set between 8 and 15 mm. Polarization Raman spectra of the SWNT nanofibrils were obtained on a Renishaw Ramanscope 2000 using a 785 nm laser focused on a 1 µm spot by a 50× objective lens, at an incident laser beam power of ca. 3.5 mW. The SWNT nanofibrils were interrogated in both parallel and perpendicular orientation with respect to the laser polarization direction.
Results and Discussion
3.1. Dielectrophoretic Assembly of SWNT Nanofibrils onto AFM Probes. Dielectrophoresis (DEP) has been widely used for assembling colloidal particles [28] [29] [30] and manipulating biology entities (such as DNA, proteins and cells) 31-33 on a variety of substrates. The high-aspect-ratio and polarizable nature of SWNTs have been used to align and assemble them onto conductive scanning probes. [20] [21] [22] [23] This is based on the motion of these dielectric objects as a result of polarization induced by a nonuniform AC electric field. As shown in Scheme 1 the sharp AFM probe versus the relatively large metal tube with the SWNT solution droplet produce a heterogeneous electrical field under an applied AC bias. This results in polarized nanotube rotation to align their long dimension parallel to the electric field. 20, 22 The torque exerted on the nanotubes is a function of the applied electric field, 34 and for the 10V, 2 MHz AC bias used in this study, the estimated value is on the order of 4 × 10 -19 N m. 23 Such torque can generate a force of approximately 10 -13 N at the end of a micro long nanotube, which is significantly larger than the gravitational force (on the order of 10 -19 N) 34 and Brownian motion 35 imparted on the nanotube. Besides torque, the polarized nanotubes are also experiencing the anisotropy of the electric field that causes a translational movement toward the high field region. Although SWNTs were also subject to other forces including gravity and Brownian motion, we focused our attention on DEP force only since both experimental 35 and simulation 34 results indicated that the aforementioned forces were small in comparison with the DEP force (on the order of 10 -14 -10 -10 N), 34 and therefore negligible. The dielectrophoretic force imparted on carbon nanotubes is given by the equation
where a is the length of carbon nanotube bundles, ε m is the dielectric constant of the medium, ε p is the dielectric constant of the particle (in this study the nanotube is the particle), ε* is the complex permittivity expression, and E is the electric field. The magnitude of the force depends on not only the voltage but also the frequency of the applied electrical field as well, since the permittivity ε* is frequency-dependent based on the following complex relationship:
where σ is the conductivity and ω is the frequency of the electrical field. As indicated in eq 1, in addition to the applied external electrical field E, the cube of the length of carbon nanotubes strongly affects the magnitude of the induced DEP force. This implies that significantly larger DEP forces are applied to longer nanotubes that are preferentially attracted to the conductive AFM tip that corresponds to the high field region.
In our experiment, the applied frequency was set at the previously reported value 2 MHz 20,21,23 and under this condition the assumption ε(2 MHz) ≈ ε(0) could be adopted. 36, 37 Therefore the direction of the DEP force depends solely on the relative dielectric properties of carbon nanotubes with respect to the surrounding medium. In this study, deionized water and DMF, whose dielectric constants were approximately 80 and 39 respectively, were chosen as the nanotube dispersion medium. SWNTs as produced contained mixtures of metallic (met-) and semiconducting (sem-) tubes. Sem-SWNTs have finite dielectric constant with ε sem < 5 while met-SWNTs are expected to have a very large value (ε met ) owing to the mobile carriers. 36 However, SWNTs are also subject to aggregation in bundles due to strong hydrophobic interaction between adjacent nanotube side walls. Since the met-SWNTs in the bundle will dominate the dielectric constant of the bundle, 36 the effective dielectric constant for nanotubes can thus be considered significantly larger than the surrounding medium, causing them to migrate toward the high field region (AFM tip ends) under the electric field gradient. This constitutes positive dielectrophoresis as opposed to negative dielectrophoresis, which moves particles to the low field region as a result of their relatively lower dielectric constant than the surrounding medium. Figure 1 schematically depicts the pulling process of assembling SWNT nanofibrils onto AFM probes. This assembly process can be divided into four stages in term of pulling speed control. Initially, the SWNT solution bubble is brought closer to the AFM probe in a deceleration mode to minimize the tip wetting (Stage I). Once the AFM tip starts touching the bubble, the liquid wets the AFM tip at approximately 1/3 of its height (Stage II). As discussed above, the carbon nanotube bundles align themselves along the electric field direction and migrate toward the immersed AFM tip end under the DEP force. The nanotube bundles that arrive earliest deposit onto the AFM tip-surface and the subsequent nanotube bundles continue to deposit on their predecessors. As the translator moves away from the AFM tip, the solution bubble dewets the AFM probe and only the grown nanofibril keeps contact with the solution (Stage III).
The nanotube alignment and adhesion will be further enhanced by the compressive capillary force generated from the meniscus of the solution bubble. As the pulling was in an acceleration mode, the nanotube bundle tip grew in a conical shape with a sharper end. When the desired nanofibril length was reached, the translation was rapidly increased to a rate that the deposition of carbon nanotubes could not be maintained resulting in the SWNT nanofibril being pulled out of the solution bubble and the growth stopped (Stage IV). Except during the initial and final stages of wetting and dewetting of the AFM probe, the moving rate of the meniscus of the solution bubble was consistent with the translator moving speed, assuming the change of meniscus caused by solution evaporation was negligible. 3.2. Parameter Optimization of SWNT Nanofibril Growth. Figure 2 provides representative FESEM images of a SWNT nanofibril dielectrophoretically grown onto the end of an AFM probe. The typical length of SWNT nanofibril is in the range of 1-10 µm. Typically the nanofibril diameter is on the order of 100 nm (Figure 2b ) at the interface with the AFM probe and gradually shrinks down to 20 ∼ 30 nm at the end of the tip (Figure 2d ). This conical geometry is attributed to the accelerated translation during the tip drawing (Stage III in Figure 1 ). As the pulling speed increases, fewer nanotubes deposit, leading to thinner fibrils with sharper ends, a method which could be utilized to fabricate sharp high spatial resolution probes. As indicated in Figure 2b , c, SWNT bundles get affixed around the AFM probe surface with tube length directions parallel to the pulling direction thereby ensuring large contact surface and strong interfacial interaction between the grown nanofibril and the AFM probe.
15,16
The alignment of SWNTs within the dielectrophoretically grown nanotube fibrils was investigated with polarized Raman spectroscopy. It has been previously reported that maximum intensity of CNTs is obtained when the polarization of the incident laser is parallel to the nanotube axis. 38, 39 As illustrated in Figure 3 , the geometry with polarization parallel to the nanoprobe axis, results in maximum intensity. By rotating the nanoprobe 90°with respect to laser polarization direction, a dramatic decrease in intensity for both G band (1592 cm -1 ) and radial breathing mode (RBM) band was observed. The peak height ratio I 0 /I 90 measured from G band is approximately 4.8, representative of a high degree of SWNT alignment along the nanofibril direction.
These high-aspect-ratio SWNT-nanofibril probes were demonstrated to be quite suitable for imaging deep structures. Figure 4a originates from the anisotropic shape of this tip that is unable to reach deep in the trench from one side. In contrast, the SWNT-nanofibril probes provides a more accurate reproduction of the real profile with improved tracking as indicated in Figure 4b (tilting angle: 85°on the right versus 86°on the left). Electrical properties of SWNT nanofibrils were characterized by measuring I-V curves with the SWNT-nanofibril probe contacting a Pt substrate. The obtained I-V curve, Figure S4 of the Supporting Information, is approximately symmetrical with a calculated resistance of approximately 11 kΩ, indicating that these SWNTnanofibrils are electrically conductive. This will make them useful as for point sensing of localized fields. The nanofibril dimension (diameter and length) as well as morphology (straightness and orientation) depends on several parameters including external electric field, concentration of SWNT dispersion, immersion time, pulling rate, humidity, AFM tip wetting properties and tip alignment. Lee et al. 22 studied the electric conditions influencing nanotube dielectrophoretic assembly. Their findings suggest that 5 V AC or larger with frequency between 100 kHz and 10 MHz is required in order to successfully form SWNT nanofibrils onto AFM probes. In this study, a 10 V, 2 MHz (peak-topeak) AC field was adopted.
20,21,23 The SWNT solution used was highly diluted to the point that its color was not perceptible. Tang et al. 23 proposed a concentration of 0.01 mg/mL for the SWNT dispersion. In practice, we found this concentration was still too high, resulting in large aggregation of SWNT bundles. Within concentration range of 0.001-0.005 mg/mL, we could form good SWNT tips reliably. Below 0.001 mg/mL, the ability to pull continuous nanotubes dropped dramatically. A nanotube dispersion with concentration of 0.003 mg/mL was primarily utilized in our experiments. The immersion time of AFM probes in the nanotube solution is related to the solution concentration. This time could be considered as the time required for nanotubes to be transported to the apex of the AFM probe. Thicker solution requires less immersion time. However, thinner solutions are preferred since carbon nanotubes are better dispersed and fewer impurities are present. Using the above concentration, the normal immersion time is in the range of 3-10 s. For less than 3 s immersion time, the ability to grow SWNT nanofibrils is greatly reduced.
As mentioned previously in Section 3.1, if the pulling rate is maintained slower than the nanotube deposition rate, SWNTs grow a long and continuous nanofibril. As indicated in Figure 1 , by gradually increasing the pulling rate (upward slope in stage III), a number of special attributes can be imparted to this nanofibril drawing process: (1) The initial slow pulling rate minimizes adverse dewetting effects (initial spike in Stage III) that could lead to abrupt acceleration causing severe or transient thinning of the nanofibril that could ultimately result in undesired bending at the thinned portion, (2) The low initial pulling speed causes more nanotubes to be deposited near the AFM probe resulting in thicker base that imparts the nanofibril better strength, and (3) The gradual increase in pulling speed results in a conical shaped geometry with taper ends, rendering both good stiffness and high spatial resolution. Once the desired length was reached, the pulling speed was rapidly increased to a value exceeding the nanotube deposition rate to stop the nanofibril growth process upon separation from the solution bubble. The typical rate to halt nanofibril growth in this study is 40-60 µm/s. Due to the wide length distribution of SWNTs in the dispersion (from tens to hundreds of nanometers), 40 the nanofibril length typically varies from 1 to 10 µm, with the majority falling between 4 and 6 µm. This variation is also affected by AFM tip wetting variability. Typically, about one-third of the tip height is wetted for the Olympus AC240 AFM probes although considerable variations occur from probe to probe. The less the tip wetting, the better and more uniform nanofibrils are. A more detailed study controlling both SWNT length (via length fractionation) and AFM tip wetting characteristics is underway to obtain better length control of these nanofibrils. In this contribution, however, we have resolved this issue by developing an innovative method using postgrowth SDS solubilization described in the next section.
Aside from SWNT length variations, the chamber humidity and AFM tip alignment also play a critical role to the quality, orientation and straightness of these nanofibrils. Since SWNTs were dispersed in deionized water or DMF, that both evaporate rapidly in an open air environment, such action causes the position of the solution meniscus to recede rapidly, as well as contaminate its liquid-air interface with uncontrollable nanotube deposits. For this, the meniscus traveling distance was utilized to quantify the evaporation rate. Figure  S5a of the Supporting Information plots the meniscus moving distance against time for water dispersed SWNTs in open laboratory environment. The linear fit of the experimental data indicates an estimated moving rate of approximately 1.5 µm/s, clearly this speed is comparable to the initial pulling speed in Stage III (ca. 1-2 µm/s) rendering the entire process uncontrollable. In order to reduce the solution evaporation speed, both working and counter electrodes were enclosed in a sealed environmental cell, which was saturated with water vapors by the addition of a number of water droplets around the SWNT suspension bubble. As shown in Figure S5b of the Supporting Information, this slows the meniscus moving rate down to 18 nm/s, nearly 80 times less than in the open air environment. This improvement allows better control over the dimension of the fabricated SWNT nanofibrils using speed on the order of µm/s.
The ideal orientation for the SWNT nanofibril is parallel to the central axis of the AFM cone as shown in Figure 2a . Since these nanofibrils grow along the electric field direction, the central axis of the AFM should be parallel to this direction. Because the AC240 AFM probes used in this study were asymmetrical in geometry, supporting these tips on a flat substrate perpendicular to the drawing direction causes a misalignment of the central axis of AFM cone with the electric field direction as shown in Figure 5a . In order to achieve nanofibril alignment to the central axis of the AFM cone, these probes were mounted on a platform with a tilting angle of 26°, as shown in Figure 5b . The 26°tilt provides a number of salient benefits to the growth of these nanofibrils: (1) Focuses the electrical field to the end of the tip and removes unwanted contribution from the nearby large area conductive cantilever and its support that otherwise (at 0°t ilt) defocus the field by their physical presence, (2) The central axis of the AFM cone symmetrically wets the solution bubble, thus producing a more uniform dewetting during pulling. This produces a more uniform drying force that results in a straighter and well-aligned SWNT nanofibril. leaving only the nanofibril apex exposed. As explained above, although the nanofibril length could possibly be controlled during the pulling process in micrometer range, obtaining nanofibril around 1-2 µm is extremely challenging due to the initial wetting and dewetting process. In addition, longer than 4-5 µm nanofibrils are susceptible to bending or even curling due to the large internal stresses associated with drying. This limits the reliability of this method and necessitates postfabrication shortening to remedy this shortcoming. 21 Focused ion beam (FIB), 42 electron beam 43 and electrical pulse shortening 17 have been previously employed. These techniques require sophisticated facilities, vacuum environments, and are in general time-consuming. Presently, an alternative shortening methodology has been developed based on a surfactant-assisted nanofibril dissolution process. The success of this gradual dissolution, schematically shown in Figure 6 , stems from the strong interaction of the surfactant with the hydrophobic sidewalls of SWNTs as well as the limited wetting of the SWNT nanofibrils due to their hydrophobic nature. Due to its amphiphilicity, sodium dodecyl sulfate (SDS) is capable to solubilize SWNTs in aqueous environments and 1 wt % SDS dispersion is capable to prevent SWNTs aggregation into bundles. [44] [45] [46] The critical micelle concentration (CMC)
for SDS in water is 0.008 M 47 (ca. 0.25 wt %) and concentration higher than CMC tends to organize them into micellar configuration with their hydrophobic lipid chains buried inside and hydrophilic heads located on the surface. The hydrophobic cores shows preferential interaction with the sidewalls of SWNTs leading to nanotube encapsulated micelles. 44, 45 Such SDS encapsulated nanotubes are micellarly stabilized via a negative charge on their surface which prevents aggregation. This is schematically illustrated in Figure 6 where the SDS micellarization of individual and small SWNT bundles leads to controlled dissolution of the SWNT nanofibrils. Since these SWNT nanofibrils have not been annealed at this stage, the packing density of these nanotubes is expected to be reduced as a result of a number of terminal and sidewall defects as well as adsorbed species. These defects provide the necessary space for the SDS surfactants to adsorb on individual and small SWNT bundles to impart nanofibril dissolution. Figure 7a -d illustrate FESEM images of two SWNT nanofibrils before (a and b) and after (c and d, respectively) shortening with SDS solution. The ragged morphology at the tip end of these shortened nanofibrils (e and f, respectively) is attributed to their mosaic structures composed of multiple SWNTs of various lengths, as schematically shown in Figure 6 .
Atomic force microscopy results indicate that these shortened nanofibrils are quite stiff after annealing at 10 -6 torr vacuum and temperatures up to 450°C for 1 h (Nanoprobe B in Figure 7) . Such vacuum annealing assists in densification of these nanofibrils by removing residual defects and adsorbates, leading to a more intimate rope-lattice packing. This also results in an enhanced resistance to SDS and other surfactant-assisted dissolution which can be beneficial to a number of electrochemical applications involving biological aqueous cultures. Figure 8 depicts the effective spring constant (k eff ) of these SWNT-nanofibril equipped AFM probes as a function of vacuum annealing temperature. For this, the SWNT nanofibrils were assembled onto soft levers through dielectrophoresis. The annealing induced a 3-fold improvement of stiffness. This is typically obtained of approximately 300°C and subsequent annealing at higher temperatures results minimum or no improvement in stiffness. At temperature of 450°C, the SWNT nanofibrils become brittle and tend to break upon repetitive indentation on a Si substrate. An FESEM image of a 450°C annealed fractured nanofibril is shown in Figure 8 (inset at lower right), containing a small stump at the end of the AFM probe.
3.3.2. Spatial Functionalization of Nanoprobes. As described in the introduction, AFM can be and has been used to investigate spatial electrochemistry and surface functionality of various samples. One of the applications of interest is using these shortened SWNT-nanofibril probes as nanoneedles to pierce a cell and establish a minimally invasive electrical communication with the inner biochemistry. Recently, Obataya et al. 12 have demonstrated the penetration of a living cell using a FIB-machined Si tip. With this application in mind, such electrochemical nanoneedle 10 should be surface functionalized with moieties exhibiting enhanced interaction with a variety of biological moieties. Figure S6 of Supporting Information illustrates two nanofibrils obtained by dielectrophoretic assembly from aqueous dispersion of covalently and noncovalently functionalized SWNTs. A DNA oligomer (GT) 20 (Figure S6a ) was utilized for noncovalent solubilization of SWNTs. 48 Aqueous dispersion of SWNTs was also obtained by covalent functionalization onto carboxyl functionalities of oxidized SWNTs with flavin mononucleotide (FMN) moieties (Figure S6b) . 49 FMN is a very important redox molecule in the electron transfer cycle of bacteria and cells thus it has been used extensively for biosensor applications. 50, 51 As shown before, functionalization of SWNTs with covalent chemistry typically increase their resistivity and render them unsuitable for long-range conduction of electrons through these nanofibrils. 52 An ideal nanofibril configuration that overcomes this problem could involve hybrid structures of either linear or radial stacking of high and low conductivity nanotubes, as shown in Figure  9 . For this, high intrinsic conductivity nanotubes would be attached onto the metal-coated AFM probe and preferably annealed to increase stiffness and solubility resistance. Subsequently a variety of functionalized SWNTs would be grown on either end or top of these nanofibrils imparting the desired functionality. This can be achieved by a second dielectrophoretic growth of functionalized SWNTs on top of previously grown nanofibrils. Figure 10 illustrates the FESEM images of type A heterostructure (longitudinal stacking) composed of a pristine and annealed SWNT-nanofibril (with diameter of ca. 100 nm) that has been extended with a much thinner (ca. 25 nm in diameter). As previously described, the pristine SWNT nanofibril was grown dielectrophoretically onto the AFM tip using original SWNT suspension, shortened with SDS solutions to the desired length (Figure 10 a,b,c) and annealed at 300°C to impart greater stability against dissolution. Then the solution was replaced with FMN-SWNTs suspension and the tip of the previously grown nanofibril was immersed into the new solution at the desired depth to repeat the dielectrophoretic assembly. Figure 10d depicts that the second dielectrophoretic growth resulted in the growth of a new nanofibril at the end of the previously grown one. As expected, the interface between the two nanofibrils shows a slight bump (Figure 10e ) as a result of the partial overgrowth of FMN-functionalized SWNTs onto the initial nanofibril. The misorientation of the second nanofibril was due to its thin nature that caused it to bend under intense heat from the electron-beam irradiation. This caused its free end to sway rapidly (see Figure S7 of the Supporting Information) under FESEM observation. The length of the second grown nanofibril can also be trimmed to the desired length using the previously established SDS shortening procedure. Figure 11 illustrates FESEM images of type B (a-c) and type C (d) nanoprobes, which are heterostructures in radial stacking and both radial and longitudinal stacking respectively. Figure 11a and its inset showed a shortened SWNT nanofibril used to overgrow the second radial component (i.e., FMN functionalized SWNTs). Subsequent regrowth (first, second and third) takes place at the radial direction (parts b-d, respectively) upon sequentially reimmersing the same nanofibril into FMN-functionalized SWNT suspension and repeating the dielectrophoretic assembly. The radial growth thickness can be controlled by varying immersion time and SWNT dispersion concentration. The pulling speed plays a lesser role due to the shorter length of the starting (inner) nanofibril. Figure 11 b-d demonstrate close-ups of the thickened nanofibrils that increase by about 10 nm at each immersion/dielectrophoretic growth. In Figure 11d , besides radial thickening, longitudinal growth was also achieved by pulling past the end of the inner nanofibril. Such composite nanoprobes could provide several advantages: (1) The attachment of functional nanotubes in both radial and longitudinal direction maximizes the functionalization area with minimal decrease in conductivity; (2) The thickening in radial direction enhances nanoprobes' stiffness preventing them from potential bending or buckling; and (3) the growth of a relatively thinner terminal component enables high lateral resolution and could facilitate easier penetration into biological entities.
Polarization Raman measurements were employed to investigate the orientation of the regrown SWNTs in the nanofibril in Figure 11c . The incident laser beam power was reduced to 1% (0.035 mW) to ensure the Raman signal originates mostly from the regrowth skin layer. As indicated in Figure S8 (Supporting Information), the obtained peak height ratio I 0 /I 90 at the G band (1592 cm ) was approximately 4.6, comparable to that of the first grown nanofibril in Figure 11a . This indicates that regrowth maintains the high degree of nanotube alignment.
Conclusions
The positive dielectrophoretic organization of SWNT nanofibrils onto conductive AFM probes was investigated in order to impart better control over nanofibril dimensions, orientation and morphology. For this, several pertinent factors were investigated including nanotube dispersion concentration, immersion time, pulling rate, humidity and AFM probe alignment. After assembly, the length of the nanofibril can be further trimmed using SDS-assisted solubilization. Vacuum annealing these nanofibrils of 300°C increased their stiffness and reduced solubilization in SDS solution. Moreover, longitudinal and radial regrowth was achieved by reimmersion of shortened nanofibrils at the desired depth in a new SWNT suspension and repeating the dielectrophoretic process. These SWNT nanofibril AFM probes are mechanically robust and electrically conductive to act as structural nanoneedles and electrochemical nanoprobes. Such nanofibrildecorated scanning probes could find a number of applications in biomechanics and electrochemical analysis of biological entities as well as deep trench structures. 
